ABSTRACT Angular glints are induced essentially by the superposition of scattering responses from multiple scattering centers and usually fluctuate quickly and widely with the aspect angles for complex targets change. This paper presents angular glint simulation of complex conducting targets using attributed scattering centers. The formulae for linear glint errors (LGEs) are derived based on the parametric models of attributed scattering centers and can be applied for real-time LGE simulation. Our analyses and numerical experiments show that the LGE simulation requires more precise scattering center modeling than the radar imaging simulation does. To ensure the accuracy of the LGE simulation, a forward approach that uses induced currents on conducting targets is used to precisely extract the scattering centers. The numerical results show that the LGE simulation based on the developed scattering center model has high accuracy. More importantly, the scattering center model developed for sparse aspect angles can be used to simulate LGEs for dense aspect angles, as required for complex targets, which leads to high efficiency in simulating LGEs.
I. INTRODUCTION
Parametric models and extraction methods for scattering centers have received considerable consideration in the fields of radar techniques and electromagnetic computation. Parametric models of scattering centers can characterize the radar returns of extended targets by using concise analytical functions, which lead to high efficiency for radar signal simulation and the post-processing of simulated signals. Furthermore, the physically relevant parameters of the scattering centers have great advantages in radar image interpretation and automatic target recognition (ATR) [1] - [3] .
To establish a scattering center model for a complex target, there are usually two steps: the first is to find the appropriate functions (i.e, mathematic models) to describe the scattering characteristics of the scattering centers, and the second is to extract the parameters of the scattering centers from radar images of the targets. The existing models for scattering centers include the damped exponential model [4] , [5] , the geometrical theory of diffraction (GTD)-based model [6] , the attributed scattering center model [7] [8], the canonical scattering feature models for bistatic radar [9] , the sliding scattering center model [10] , [11] , and the creeping wave scattering center model [12] .
The extraction methods include inverse methods and forward methods. For inverse methods, the scattering centers are extracted from synthetic aperture radar (SAR) images [13] - [16] , or from the scattering fields using the super resolution technique [17] , [18] and the optimal estimating method [19] . The forward methods [20] , [21] usually involve two steps. In the first, the geometric structure of the target is divided into appropriate partitions, and the scattered fields of each partition (the scattering contribution of the scattering center) are computed using high-frequency methods, such as physical optics (PO), GTD, equivalent electromagnetic currents (EEC), and incremental length diffraction coefficients (ILDC). In the second step, the parameters of the scattering center models are extracted by fitting the parametric models.
Scattering center models have been successfully applied in radar imaging and recognition. In this work, scattering centers are applied in angular glint error (AGE) simulations for radar angular measurements. AGE, which is induced essentially by the superposition of scattering fields from multiple scattering centers of the detected target [22] , is one of the main errors in radar angular measurements. AGEs are generally investigated numerically through linear glint errors (LGE) along two orthogonal directions. Two commonly used methods for
LGE computation are the phase gradient method (PGM) and the Poynting vector method (PVM) [23] , [24] .
Based on these methods, formulae for
LGEs that are easier to operate have been proposed [25] - [28] . Among them, the formulae for ideal scatterers are the most effective for LGE simulation. However, the simulation precision is very low. For real targets, scattering centers are far more complex than ideal scatterers and have complex attributes; e.g., their locations and scattering amplitudes depend closely on the aspect angles of line of sight (LOS). To address this issue, formulae are derived for complex targets according to the attributes of real scattering centers in this work.
LGE is extremely sensitive to changes in the locations and scattering amplitudes of the scattering centers. In contrast to the simulation of radar imaging, weak scattering centers can greatly affect LGEs. Therefore, LGE simulation requires more precise scattering center parameters than radar imaging simulation does. To achieve high-precision scattering center extraction, an approach that uses induced currents is proposed in this work. The parameters of individual scattering centers are extracted from their contributing partitions of currents rather than from the total fields of the target. Therefore, the errors induced by interference from other scattering centers are effectively avoided. Based on the extracted scattering centers and the derived LGE formulae, the influence that different types of scattering centers have on LGE is investigated in detail. This investigation has led to some meaningful conclusions, which are helpful in interpreting the fluctuant features of LGEs and understanding their negative correlations with radar cross sections (RCS).
To validate the presented LGE simulation approach, the scattering centers and LGEs of an unmanned aerial vehicle (UAV), are investigated as an example. The extracted models of scattering centers are validated by comparing the RCSs and time-frequency representations (TFR) of scattered waves that are simulated by the models with those computed by the full-wave numerical method called parallel multilevel fast multipole algorithm (PMLFMA) [29] . The LGEs calculated by the formulae are compared with those calculated by brute-force computation. The numerical results show that the proposed LGE simulation approach has high accuracy and efficiency.
The remainder of this paper is organized as follows: Section II presents the formulae of the LGEs, which are derived from the attributed scattering centers; Section III presents an analysis of the relationship between the attributed scattering centers and LGEs; Section IV presents the scattering center extraction approach for complex targets using induced currents; Section V presents the validations; and Section VI presents the conclusions drawn from this work.
II. FORMULAE OF LGEs DESCRIBED BY SCATTERING CENTER MODEL
The scattering centers can be classified into three types according to their various attributes: localized scattering centers (LSCs), distributed scattering centers (DSCs) and sliding scattering centers (SSCs) [30] . Their scattering amplitudes and locations are dependent, in quite different ways, on the aspect angles and frequencies of the incident radar waves. The detailed properties of these three types of scattering centers are presented in appendix A.
The geometries of the radar and target are shown in Fig.1 . A body-fixed Cartesian coordinate system, with unit vectors (x,ŷ,ẑ), is used here to describe the locations of the scattering centers and radar, and a spherical coordinate system, with unit vectors (r,θ ,φ), is used to describe the directions of the electric and magnetic fields. The position vector of the ith scattering center and radar vector are denoted by r i and r los , respectively. For SSC, r i changes with the aspect angle of the LOS. The scattering center model for a monostatic radar system configuration can be expressed by Eq. (1). Linear polarizations of the transmitter and the receiver are only considered here. The scattering center models generally do not consider the cross-polarization components of scattering centers, therefore the expression of the scattering fields of scattering centers under VV polarization is used in the following derivation.
where = (θ los , φ los ) denotes the aspect angle ofr los ; A i ( ) and ϕ i are the scattering amplitude and initial phase of the ith scattering center, and they have different expressions for LSC, DSC and SSC; R i ( ) is the distance between the scattering center and the radar, which can be described as R i ( ) = |r los ( ) − r i ( )|;θ i denotes the direction of the electric field of the scattered wave; and α is the frequency dependent factor and varies according to the scattering mechanism such that α = 1 for the scattering center induced by the specular reflection from a planar surface, α = 0.5 for the scattering center induced by the reflection from a singlecurved surface, α = 0 for the scattering center induced by the reflection from a doubly curved surface, or a straight VOLUME 6, 2018 edge, and α = −1 for the scattering center induced by the diffraction from end points.
The above values of α are derived from the solutions of canonical targets under high-frequency conditions. In our case, scattering contributions under lower frequencies are also considered. Considering that the scattering waves under single frequency is only involved in this work, we set α as an unknown parameter for the lower frequency cases through the optimal matching into the real scattered fields. The values for the high-frequency case are set as the initial values in the matching process.
From the geometry of the radar and the scattering centers, it is easy to show thatθ i ·θ los = r los ·(r los −r i ) |r los ·(r los −r i )| . For far-field conditions, r i r los , soθ i ·θ los ≈ 1 ; i.e.,θ i is much closer toθ los . Therefore, the partθ i ·θ los in the amplitude is ignored when modeling the scattering centers under far field conditions. However, the directions of the electric and magnetic fields,θ i andφ i , should be considered in the analysis of LGEs.
Assuming that the waves scattered from scattering centers can be described by spherical waves, the electromagnetic fields can be expressed as in Eqs. (2) and (3), where in A i ( ), R i ( ) is omitted only for convenience of expression.
where η 0 is the wave impedance of free space.θ i andφ i are given in Eq. (4).
Then, according to PVM, the LGEs can be derived by Eqs. (5) and (6)). The derivations are given in appendix B.
where , are given by Eq. (32) in appendix B. From Eqs. (5) and (6), it can be concluded that e θ is inherently determined by , and e φ by both and . The relationship between e θ and e φ can be derived as shown below:
e φ = (e θ + r los tan θ los ) cos θ tan( − φ los ).
Eq. (7) shows that e φ includes two parts. If e θ r los tan θ los , then e φ is mainly determined by , as expressed below.
From Eqs. (5) and (8), it can be inferred that the glint angles on the θ and φ planes are θ = − θ los and φ = − φ los , respectively. After the derivation presented in appendix B, we get
For far field conditions, the following amplitude parts can be approximated to give the following expressions: (11) where θ i , φ i are the Euler angles of vector r i . Then, Eqs. (9) and (10) can be simplified as shown below:
Although Eqs. (12) and (13) have similar computational complexity as Eqs. (9) and (10) do, they show clearer physical characteristics of LGEs under far field conditions; i.e., the LGEs are invariant with r los (the distance between the radar and the target) in far field conditions. By contrast,
LGEs depend closely onr los (the direction of the LOS). If the direction of the LOS is invariant, the changes in distance have little effect on the linear errors. Conversely, LGEs are sensitive to changes in the direction of the LOS, even if the distance is invariant. These results agree well with the existing conclusions drawn from LGEs computed by bruteforce computation [23] .
III. ANALYSIS OF THE RELATIONSHIP BETWEEN ATTRIBUTED SCATTERING CENTERS AND LGEs
First, the variations in LGEs with changes in the locations and amplitudes of scattering centers are investigated using Eqs. (12) and (13) . For numerical testing, two scatterers, located on the z axis symmetrically around the origin of the coordinates system, are considered. The distance between the scatterers is d, and the ratio of their scattering amplitude is δ. The variations of LGE with changes in d are shown in Fig. 2 , where δ = 2, and those with changes in δ are shown in Fig. 3 , where d = 2λ. From these results, it can be seen that the smaller the scattering amplitude difference is and the greater the distance between multiple scattering centers is, the larger the LGEs are. The fluctuations in LGEs with the direction of LOS are extremely sensitive to the attributes of the scattering centers, such as their location and amplitude. Even a subtle change in distance, e.g., within one wavelength, can cause a significant change in LGE (see Fig. 3 ). Furthermore, the smaller the amplitude difference between two scattering centers is, the more sensitive the LGE is to changes caused by variations in the scattering amplitude. Therefore, high precision in scattering center modeling is essential for LGE simulation.
Second, the influence of the scattering center type for a real target is investigated here using a cone with curved generatrix, as shown in Fig. 4 . Depending on the geometry of the target and previous knowledge of three types of scattering centers, it can easily be shown that the target has 5 scattering centers: 1 SSC, 3 LSCs (LSC1, LSC2, LSC3) and 1 DSC (see Fig. 4 ). The SSC is induced by reflection from the curved surface, the DSC by specular reflection from the bottom disk, the LSC1 by reflection from the top of the cone and the LSC2 and LSC3 by waves diffracted from the curved edge in light and shadow regions, respectively.
The following are the geometric parameters of this target: h 1 = 1.6 m, r 1 = 0.4 m, and h 2 = 0.6 m. The frequency of the scattered wave is 2GHz, and the range of the observation angle is θ = 0 ∼ 180 • , φ = 90 • . The target is assumed to rotate around thex axis with an angular velocity of 2 rad/s. TFR has been proven to be capable of reflecting the locations of scattering centers using Doppler frequency curves [31] . The TFR of the backscattered waves from the target is presented in Fig. 5(a) , and that of LGE e θ is shown in Fig. 6 . The backscattered waves used in TFR analysis are under VV polarization and computed by PMLFMA. The TFR method used in this study is a reassigned spectrogram combined with the Wigner-Ville distribution (RSPWVD) [32] . For comparison, the Doppler frequency curves derived by the theoretical locations of the scattering centers are presented in Fig. 5(b) .
From Fig. 5 and FIg. 6 , the following can be inferred:
• Within 0 < θ < 20 • , there are two dominant scattering centers: LSC1 and LSC2. They have similar scattering amplitudes and a large separation distance; therefore, large fluctuations are induced in the LGEs.
• Within 20 • < θ < 80 • , the LGEs are induced by SSC and LSC2 because the SSC gradually slides towards LSC2; therefore, the fluctuations in LGEs decrease correspondingly.
• Within 80 • < θ < 100 • , there are four scattering centers. The scattering amplitude of SSC is much larger than that of the other scattering centers; therefore, the LGE is determined mainly by the sliding location of SSC, and consequently, no obvious fluctuation appears.
• Within 100 
FIGURE 6.
LGEs of the cone with curved generatrix.
separation distance of LSC2 and LSC3 is smaller than that of LSC1 and LSC2.
• Within 175 • < θ < 180 • , the
LGEs are approximately zero because the DSC is much larger than that of the other scattering centers, LSC2 and LSC3. In addition, it locates at the center of the disk, i.e., the origin of the coordinate systems. The scattering amplitude of DSC is generally much larger than that of LSCs, either induced by curved edges or apexes.
Therefore, when one DSC and several LSCs appear within a given aspect angle range, the LGEs are determined only by the DSC, and the LSCs cause little interference to the LGEs. When there are one SSC and several LSCs, the LGEs are determined mainly by the SSC, but they might be interfered with, to some extent, by the LSCs, especially when the scattering amplitude of the SSC decreases gradually. When there are only LSCs, highly fluctuating LGEs generally arise because LSCs have similar scattering amplitudes and larger separation distances.
The above cases appropriately explain the negative correlations between LGEs and RCSs of the target; i.e., large
LGEs usually appear when the RCS is small. However, there could be exceptions to the common cases, e.g., when multiple DSCs or SSCs exist. Then, highly fluctuating LGEs can arise if they have large separation distances and similar scattering amplitudes.
IV. APPROACH FOR SCATTERING EXTRACTION USING INDUCED CURRENTS
According to scattering theory, scattering centers can be taken as discontinuities in the Stratton-Chu integral equation [33] . These discontinuities are actually the discontinuities of the surface or the curvature of the surface of the illuminated object, such as end points, edges or smooth joints of two surfaces with different curvatures. From the perspective of scattering mechanisms, although the scattering mechanisms at these discontinuities are all diffractions, they are scattering centers of different types because their signatures, as shown in radar images, are quite distinct. Therefore, in scattering center extraction, the currents for different kinds of discontinuities need to be treated differently. In addition, the currents on the continuous surface, such as planar or curved surfaces, have dominant scattering contributions to the total scattered fields of the object and should thus be considered in scattering center extraction.
As shown in Fig. 23 in appendix A, different types of scattering centers can be distributed on different geometric parts of the object. To extract scattering centers from the induced currents on the object, the currents need to first be divided into partitions according to their contributions to the different types of scattering centers.
For LSCs, the contributing currents are those near the end points. The size of the partition (the distance away from the end point) is related to the wavelength (λ) of the incident wave. The typical cases for the partitions of LSCs are shown in Fig. 7 , and the size of the partitions for end-points in this work is set to λ 10 . In this study, DSCs are further classified into three subtypes: DSCP, DSCS and DSCE. DSCP and DSCS are the DSCs induced by the reflection from planar surface and a single-curved surface, respectively, and DSCE is the DSC induced by the diffraction from a straight edge. The contributing currents for DSCP and DSCS are those on the planar surface and the single-curved surface within the light area, respectively. The partitions for DSCP and DSCS are the regions on the planar and single-curved surface within the light area after subtracting the partitions for edge and endpoint diffractions. The contributing currents for DSCE are the currents along straight edge; therefore, the partition for DSCE is the stripe along the straight edge after subtracting the partitions for LSCs at the end points. The width of the stripe is set as SSCs are further classified into two subtype:, SSCS and SSCE. An SSCS is the SSC induced by the reflection from a double-curved surface, and an SSCE is the SSC induced by the diffraction from a curved edge. For SSCS and SSCE, their locations slide on the double-curved surface or curved edge with the changes in aspect angle of the LOS. Therefore, the partitions of contributing currents vary with the aspect angle of the LOS. For SSCS, its partition is the stripe along the edge, and the width of the stripe is set as λ 10 . The stripes within light and shadow areas are all considered in this work. The cases for the partitions of SSCs are shown in Fig. 9 .
The scattered waves contributed by each partition, i.e., the scattered waves from each scattering center, can be computed by the integral equation for far field conditions shown below: ; Z and k are the wave impedance and wave number in free space, respectively; r is the location of the current in the local coordinate system; and J is the current at r . S i indicates the region of this partition.
The approach for scattering center extraction based on equivalent currents is summarized as follows.
• Step1: Compute the equivalent currents using the fullwave numerical method, and build a data bank of currents under different aspect angles.
• Step2: Divide the geometry of the object into basic geometrical structures, such as planar surfaces, singlecurved surfaces, double-curved surfaces, straight edges, curved edges and end points.
• Step3: Select partitions for individual scattering centers according to the geometrical structures, types of scattering centers, and the incident direction of the LOS, as discussed above.
• Step4: Compute the scattering contribution of each partition by using Eq.(15).
• Step5: Check whether the partitions are correct through the Doppler curves shown in the TFRs of the scattered waves. If there are Doppler components of other scattering centers in the TFR, then go to Step3 to modify the corresponding partitions.
The flow chart of the approach is shown in Fig. 10 . To validate this approach, a cone with a curved generatrix and a complex target are investigated here. The complex target is a UAV that is 8.2 m in length and 14.6 m in wingspan (see Fig.11 ). Taking the UAV as an instance, the process of scattering center extraction is introduced in detail. The parameters used in the computation are as follows: the frequency is 1 GHz; θ = π 2 ; φ = 0 ∼ π, with a step of 1 • ; the total unknowns is 188775; the average length of triangular meshes is 0.1λ; and the polarization is VV. The equivalent currents of the UAV when θ = π 2 and φ = 0 are presented in Fig. 12 .
The basic structures of the UAV are divided based on the CAD model, as shown in Fig. 13 . The structures include the planar surface of the side wings and tail fins, the edges of these wings, the cylindrical surface of the frame, the doublecurved surface of the nose, the raised bumps on the frame, Fig. 14 . Based on the selected partitions, the scattering waves of the corresponding scattering centers can be computed by Eq. (15) . Finally, the parametric models of each scattering center are obtained by fitting the numerical results of the scattering contributions to mathematical models. Under the given observation range, 23 scattering centers are considered and extracted by this approach, including 6 DSCs, 3 SSCs and 14 LSCs. Compared with the commonly used inverse method, in which the parameters are estimated from the total fields, it is easier to estimate the parameters of the scattering centers from their individual scattering contributions because the interference from other scattering centers is effectively avoided. That is, when estimating parameters from the TFR of the total fields, the estimation errors induced by serious cross-terms can be avoided.
A. THE SCATTERING CENTER MODELING OF DSCs
The DSC on the front edge of the side wing is investigated here to illustrate the process of function fitting. The variation of the scattering amplitude of the DSC with the change in aspect angle is shown in Fig. 16 . In the existing scattering center models, the scattering fields by DSCs can be expressed by Eq. (16) . The fitted result is also presented in Fig. 16 .
where
where C 1 , C 2 , 1 , ϕ, α are real values to be estimated. r is the position vector of the center of the partition. Similarly, the other DSCs are modeled by using the sinc function in the following analysis. 
B. THE SCATTERING CENTER MODELING OF LSCs
The LSC on the end-point of the side wing is investigated here as an example. The scattering amplitude of the LSC with the change in aspect angle is shown in Fig. 17 . Considering the aspect dependency of LSC is far more complex than the commonly used damped exponential function; thus, the parametric models of LSCs are expressed by rational polynomial functions in this work, as expressed by Eq. (19) . The fitted result is presented in Fig. 17 for comparison. The other LSCs are modeled similarly.
where P i p , Q i q are the coefficients of the function and m, n are the orders. r is the position vector of the end point of the edge.
The higher the order is, the more complex function can be described. However, higher orders result in more complex parametric models, longer fitting times and a higher risk of local minima. According to the change of scattering amplitude of the LSC, the optimal polynomial orders are determined to be n = 9 and m = 8, through a process of trial and error.
C. THE SCATTERING CENTER MODELING OF SSCs
The SSC on the nose is investigated as an example. The scattering amplitude of the SSC with the change in aspect angle is shown in Fig. 18 . The curvature of the double-curved surface is unknown, so the aspect dependent function of SSC (A( )) is expressed in Eq. (19) . Then, the parametric model of SSC can be expressed by Eq. (20) .
where r is the position vector of the point of specular reflection and can be calculated according to the relation between the normal direction and the incident direction [10] . The fitted result is presented in Fig. 18 for comparison. The other SSCs are also modeled similarly. Finally, the total fields are computed by adding up the contributions of all the scattering centers. For the UAV, the crosscorrelation coefficient between the TFR simulated by these models, and that computed by PMLFMA is 95%. The two TFRs are shown in Fig. 19 . The RMSE between the RCSs simulated by the models and those of PMLFMA is 2.14 dB. For comparison, the attributed scattering center (ASC) model is obtained through the inverse approach, which involves directly estimating the parameters of the models from the TFR of the total fields by using GA [19] , [34] . The RMSE between the RCSs of the ASC model and those computed by PMLFMA is 4.25 dB, and the cross-correlation coefficient of the two TFRs is 81%. The RCSs simulated by the models, the ASC model,, those computed by PMLFMA and those obtained by inverse estimation are presented in Fig. 20 for comparison. The results for the cone with curved generatrix are presented in appendix C.
V. VALIDATION OF THE SIMULATION OF LGEs
Based on the models of scattering centers and the derived LGE formulae, the LGEs of the UAV are computed and compared with the results obtained using brute-force computation, as shown in Fig. 21 . From this figure, it can be seen that the results simulated by the formulae agree with those computed by PMLFMA. The RMSE of e θ of the two methods is 1.27 m, and the cross-coefficient of the two results is 86.3%. The statistical distributions of LGEs of these models and those of PMLFAM are presented in Fig. 22,   FIGURE 20 . The comparison between the RCSs computed by the models and those computed by PMLFMA and the ASC model.
FIGURE 21.
LGEs of the UAV. which shows good agreement between our models with those of PMLFMA.
It is well known that using scattering center models, if they are readily available, is more efficient than using a brute-force computation of the scattered fields in a simulation. The scattering center model used for LGE simulation is not as readily available as those used for radar imaging simulation because of the higher precision required for LGE simulation. Therefore, to ensure that the precision of scattering centers is sufficiently high for LGE simulation, full-wave numerical results are used here during the process of scattering center modeling. Although full-wave numerical computation is also used in scattering modeling, the scattering center model developed in sparse aspect angles can be used to simulate LGEs in the dense aspect angles required for complex targets, which still gives a high efficiency for simulating LGEs.
Using these models, LGEs at dense aspect angles can be computed in real time by a PC. However, they can hardly be obtained by interpolation based on the known LGEs since the LGEs fluctuate drastically with changes in the aspect angle. Therefore, using brute-force computation, the cumbersome scattering field solution must be repeated on parallel servers. The time cost of the two procedures, e.g., for the UAV, are listed in Table 1 . The configurations of the PC and sever are DELL 3668-R2938, CPU, i7-7700, IBM System x3650M5, and CPU 2.2 GHz. The computation time for one aspect angle using 24 parallel threads is 262 s. The errors induced by interpolation are shown in Fig. 23 , where the original LGEs are at 0 ∼ 180 • with a step of 1 • , and the step angle of simulated LGEs is 0.2 • . Fig. 23 shows large errors between the statistical distribution of LGEs computed by interpolation and those that are directly computed. The RMSE of e θ of the two methods is 2.11 m, and the cross-coefficient of the two results is 49.8%.
VI. CONCLUSIONS
LGE formulae are derived for complex targets with attributed scattering center in this work. The LGE simulation based on the derived formulae requires a higher precision scattering center model than radar imaging simulation does because the fluctuations of the LGEs are more sensitive to the locations and amplitudes of the attributed scattering centers. An approach using induced currents on targets is presented to acquire highly precise scattering center parameters. The scattering center model using full wave numerical results in sparse aspect angles can be used to accurately simulate LGE in dense aspect angles, which gives a high efficiency for simulating LGE for complex targets.
LGEs of a UVA with 23 scattering centers are investigated for validation. Comparisons of the LEG simulation using this model with numerical results obtained by brute-force computation establish the feasibility and precision of the proposed approach.
APPENDIX A
LSCs are induced by waves diffracted from geometric discontinuities, such as corners and the apexes of edges. They can be observed in a wide range of aspect angles and are located at the position of discontinuity. DSCs are induced by waves reflected from a planar or single-curved surface, or by waves diffracted from a straight edge. They can be observed only when the LOS of radar is vertical to the surface or edge and is distributed throughout the reflecting surface or edge. SSCs are induced by waves reflected from a curved surface or by waves diffracted from a curved edge. They can be observed in a wider range of aspect angles than that of DSCs, and their locations slide continuously along the curved surface or edge with changes in the aspect angle. Based on the formation mechanisms, the locations of LSC, DSC and SSC can be derived according to the geometry of the object, as illustrated in Fig. 23. 
APPENDIX B
The average Poynting vector can be expressed as
k ij = cos θ j cos(φ i − φ j )ẑ + sin θ i sin φ jŷ + sin θ i cos φ jx (23) Due to the superposition of electric and magnetic fields in the scattered waves from multiple scattering centers, the direction of the average Poynting vector deviates from the direction of the wave propagation from target to radar, i.e.,r los , as illustrated in Fig.1 . The angle betweenr los and P is the glint angle, and the distance error induced by the glint angle is the distance between o and o . Generally, the projection distances of oo along thê θ los andφ los directions are the LGEs, denoted by e θ and e φ , respectively.
The components of P alongr los ,θ los andφ los can then be derived as P r = P ·r los = sin θ los P 1 + cos θ los P 2 (24) P θ = P ·θ los = cos θ los P 1 − sin θ los P 2 (25) P φ = P ·θ los = cos φ los P 11 − sin φ los P 12 (26) where where
Let tan = P 1 P 2 ; tan =
Then. the LGEs can be derived as e θ = r los P θ P r = r los tan( − θ los ) (33) e φ = r los P φ P r = r los sin tan( − φ los ) cos( − θ los )
APPENDIX C
The RCSs of the cone with curved generatrix simulated by the developed models are compared with those computed by PMLFMA, as shown in Fig. 25 . The RMSE of RCSs is 1.23 dB. The LGEs simulated by the formula are compared with those computed by brute-force computation, as shown in Fig. 26 . The RMSE of LEGs is 0.29 m, and their cross-coefficient is 94%. The statistical distribution of the two results of LGEs agree well with each other, as shown in Fig. 27 .
